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Abstract In this paper we review the possible radiation mechanisms for the observed 
non-thermal emission in clusters of galaxies, with a primary focus on the radio and hard 
X-ray emission. We show that the difficulty with the non-thermal, non-r elativisitic 
Bremsstrahlung model for the hard X-ray emission, first pointed out by IPetrosianl 
(200l|) using a cold target approximation, is somewhat alleviated when one treats 
the problem more exactly by including the fact that the background plasma particle 
energies are on average a factor of 10 below the energy of the non-thermal particles. 
This increases the lifetime of the non-thermal particles, and as a result decreases the 
extreme energy requirement, but at most by a factor of three. We then review the 
synchrotron and so-called inverse Compton emission by relativistic electrons, which 
when compared with observations can constrain the value of the magnetic field and 
energy of relativistic electrons. This model requires a low value of the magnetic field 
which is far from the equipartition value. We briefly review the possibilities of gamma- 
ray emission and prospects for GLAST observations. We also present a toy model of 
the non-thermal electron spectra that are produced by the acceleration mechanisms 
discussed in an accompanying paper. 
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1 Introduction 



The observed signatures of the non -thermal (NT) activit y in the intra-cluster medium 
(ICM) were descri bed in details bv lRephaeli et allboosl - Chapter 5, this volume and 
iFerrari et al.l [2008 - Chapter 6, this volume. Here we give a brief summary. The first 
and least controversial radiative signature comes from radio observations. Synchrotron 
emission by a population of relativistic electrons is the only possible model for the pro- 
duction of this radiation. In the ca se of the Coma cluster, the radio spectrum may be 
repres ented by a broken powe r law |Rephaelilll979h . or a pow er law with a rapid steep - 
cmng (jThierbach et al.ll2003h . or with an exponential cutoff (|Schlickeiser et al"1ll987l ). 
implying the presence of electrons with similar spectra. Unfortunately, from radio ob- 
servations alone one cannot determine the energy of the electrons or the strength of the 
magnetic field. Additional observations or assumptions are required. Equipartition or 
minimum total (relativistic particles plus fields) energy arguments imply a population 
of relativistic electrons with Lorentz factor 7 ~ 10 4 and magnetic field strength of 
B ~ fi G, in rough agre emen t with the Faraday rotati on measurements (e.g. iKim et all 
ll99Ch . iRephaelil j 19791 ) and ISchlickeiser et al.1 (|l987h also pointed out that the elec- 
trons responsible for the radio emission, should also produce a spectrum of hard X-ray 
(HXR) photons (similar to that observed in the radio band), via inverse Compton (IC) 
scattering of the Cosmic Microwave Background (CMB) photons. This emission is es- 
timated to be the dominant emission component around 50 keV. Detection of HXR 
radiation could break the degeneracy and allow determination of the magnetic field and 
the energy of the radiating electrons. In fact, because the energy density of the CMB 
radiation (temperature To) mcmb — 4 x 10~ 13 (To/2.8 K) 4 ergcm~ 3 is larger than the 
magnetic energy density = 3 x 10~ 14 (B//iG) 2 erg cm -3 , one expects a higher flux 
of HXR than radio radiation. 

As already described in the above mentioned papers by Rephaeli et al. and Ferrari 
et al., recently there has been growing evidence for this and other signatures of the NT 
activity. Excess HXR and extreme ultraviolet (EUV) radiation are observed at the high 
and low ends of the usual soft X-ray (SXR) thermal Bremsstrahlung (TB) radiation. 
Fig. 1 shows all the flux vF(ii) (or equivalently the energy density vu(y) — 4i/F(v)/c) 
of the above mentioned and other radiation for the Coma cluster. However, for the 
excess radiation not only the exact mechanisms are controversial but even their NT 
nature is questioned. The observed spectra of the excess radiation often can be fit by 
thermal spectra with higher and lower temperatures than that needed for the SXR 
observations with almost the same confidence as with a NT power law. The most 
natural NT process for these excesses (specially for HXRs) is the IC scattering of 
the CMB photons. However, the relatively high observed HXR fluxes require a large 
number of relativistic electrons, and consequently a relatively low magnetic field for a 
given observed radio flux. For Coma, this requires the (volume averaged) magnetic field 
to be B ~ 0.1 — 0.3 /iG, while equipartition gives B ~ 0.4 fiG and Faraday rotation 
measurements give the (average line-of - sight) field of B ~ 3 fiG (|Giovannini et all 
ll993l ; lKim et alll990l ; [ciarke et al1l200ll ; lciarkell2003l ). I n general the Farada y rotation 
measurements of most clusters give B > 1 fiG; see e.g. iGovoni et al.l (120031). Because 
of this apparent difficulty, various authors (see, e.g. lEnfilin et al.lll999l ; iBlasil I2OO0I ) 



suggested that the HXR radiation is due to non-thermal Bremsstrahlung by a second 
population of NT electrons with a power law distribution in the 10 to 100 keV range. In 
what follows we examine the merits and shortcomings of the mechanisms proposed to 
interpret these observations. We first consider the EUV observations briefly and then 
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address the thermal and NT (IC and non-thermal Bremsstrahlung) radiation model 
for the HXR observations. 



2 EUV emission 



The EUV excess in the 0.07 to 0.14 keV range was first detected by the Extreme 
Ultraviolet Explorer from Coma ( Lieu et al.lll996r ) and some other clusters. There are 
claimed detections of similar excess emissions in the 0.1 to 0.4 keV band by Rosat, Bep- 
poSAX and XMM-Newto n. The observation al problems related to the EUV and soft 
excesses are discussed bv lDurret et al.ll2008l - Chapter 4, this volume. Initially, these 
excesses were attributed to thermal emission by a cooler (kT ~ 2 keV) component, but 
there are several theoretical arguments against this possibility, most notable is that 
the expected line emission is not observed. The alternative model is the IC scattering 
by CMB photons, which, in principle, can be easily fitted over the small range of ob- 
servations. However, this will require a population of lower energy (7 ~ 10 3 ) electrons, 
indicating that the power law distribution required for production of radio radiation 
must be extended to lower energies with a power law index p ~ 3. This of course will 
mean an order of magnitude more energy in electrons and it makes equipartition less 
likely (see also the discussion at the end of Sect. 3.2.2)). 

In summary, some of the observations of the EUV emission are widely questioned 
and their theoretical modelling is quite problematic. 



3 Hard X-ray emission 

The two possibilities here are Bremsstrahlung (thermal or non-thermal) emission by 
a nonrelativistic electron population and IC emission by extreme relativistic electrons 
which are also responsible for the observed radio emission. There are difficulties in both 
cases but as we show below the IC is the most likely interpretation. Fig. [2] gives the 
timescales for the relevant processes for typical ICM conditions. 



3.1 Bremsstrahlung emission 

Bremsstrahlung radiation in the HXR (20 to 100 keV) range requires el ectrons of com- 
parable or somewhat larger energies. As pointed out bv lPetrosianl |200ll . P01 for short), 



and as evident from Fig. [5] for such nonrelativisitic electrons NT Bremsstrahlung losses 
are negligible compared to elastic Coulomb losses. A thermal Bremsstrahlung interpre- 
tation of this emission requires temperatures well above the virial value (see also below). 
Very generally, for a particle of energy E interacting with background electrons and 
protons of much lower energy (cold target) , the energy yield in Bremsstrahlung photons 
Y hlQm = E hrcm /E Cou i = (4alnyl/37r)(£ , /m c 2 ) ~3x 10~ 6 (£/25 keV). Here a is the 
fine structure constant and In A, the Coulomb logarithm, is ~ 40 for ICM conditions 
(for details see |Petrosianlll9 73T ) . Note that this result is independent of the spectrum of 
emitting electrons which could be a Maxwellian of higher temperature (T^ot ~ 30 keV) 
or a power law of mean energy E 3> kT of the background particlefl As pointed out 



As shown below, also from the acceleration point of view for this scenario, the thermal 
and NT cases cannot be easily distinguished from each other. The acceleration mechanism 
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Fig. 1 The flux of all observed electromagnetic radiation for the Coma cluster including 
cosmic microwave background (CMB), cosmic background light (CBL) and static magnetic 
field (obtained from their energy density u(v) as vF(v) = (c/4) X uu(u)). The spectra shown 
for the E UV and HXR range ar e sche matic and the upp er limit in gamma ray range is from 
EGRET jSreekumar et alj|1996ft . From iPetrosianl [|2003ft . 



in P01, for continuous production of a HXR luminosity of £hxr(~ 4 x 10 erg s~ 
estimated for Coma, see Table 1), a power of £HXR/^Brem(~ 10 49 ergs -1 for Coma) 
must be continuously fed into the ICM. This will increase the ICM temperature to 
T ~ 10 8 K after 6 x 10 7 yr, or to 10 10 K in a Hubble time. An obvious conclusion here 
is that the HXR Bremsstrahlung emission phase must be very short lived. It should 
also be noted that such a hot gas or such high energy electrons cannot be confined in 
the ICM by gravity and will escape it in a crossing time of ~ 3 x 10 6 yr unless it is 
confined by the magnetic field or by scattering. From Fig. [2] we see that the Coulomb 
scattering time, which is comparable to the Coulomb loss time, is equal to the crossing 



energises the plasma and modifies its distribution in a way that both heating and acceleration 
take place. 
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Fig. 2 Radiative, cold target Coulomb collision loss and other relevant timescales as a function 
of energy for the specified ICM conditions. The solid lines fr om top to bottom give the IC plus 
synchrotron, total radiative and total loss timescales. From Pctrosian (2001)). 



time so that the escape time of the particles will be comparable to these. Therefore, 
for confinement for periods exceeding the loss time we need a shorter scattering mean 
free path or timescale. For example, for the scattering timescale shown in this figure 
the escape time will be larger than the total electron loss time at all energies. 

These estimates of short timescales are based on energy losses of electrons in a cold 
plasma which is an excellent approximation for electron energies E kT (or for Th ot ^> 
T). As E nears kT the Coulomb energy loss rate increases and the Bremsstrahlung yield 
decreases. For E/kT > 4 we estimate that this increase will be at most about a factor 
of 3 (see below) . 

An exact treatment of the particle spectra in the energy regime close to the thermal 
pool requires a solution of non-linear kinetic equations instead of the quasi-linear ap- 
proach justified for high energy particles where they can be considered as test particles. 
Apart from Coulomb collisions, also collisionless relaxation processes could play a role 
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in the shaping of supra-thermal particle spectra (i.e. in the energy regime just above 
the particle kinetic temperature). We have illustrated t he effect of fast co llisionless re- 
laxation of ions in a post-shock flow in Figs. 1 and 2 of lBvkov et aljfioosl - Chapter 8, 
this volume. The relaxation problem has some common features with N-body simula- 
tions of cluster virialisation discussed in other papers of this volume where collisionless 
relaxation effects are important. The appropriate kinetic equations to describe both of 
the effects are non-linear integro-differential equations and thus by now some simplified 

approximation scheme s were used. 

In a recent paper iDogiel et al. | (|2007h using linear Fokker-Planck equations for 



test particles concluded that in spite of the short lifetime of the test particles the 
"particle distribution" lifetime is longer and a power law tail can be maintained by 
stochastic turbulent acceleration without requiring the energy input estimated above. 
In what follows we address this problem not with the test particles and cold plasma 
assumption, but by carrying out a calculation of lifetimes of NT high energy tails in 
the ICM plasma. The proposed approach is based on still linearised, but more realistic 
kinetic equations for Coulomb relaxation of an initial distribution of NT particles. 

3.1.1 Hot plasma loss times and thermalisation 

The energy loss rate or relaxation into a thermal distribution of high energy electrons 
in a magnetised plasma can be treated by the Fokker-Planck transport equation for the 
gyro-phased average distribution along the length s of the field lines F(t, E, fj,, s), where 
\i stands for the pitch angle cosine. Assuming an isotropic pitch angle distribution 
and a homogeneous source (or more realistically integrating over the whole volume 
of the region) the transport equation describing the pitch angle averaged spectrum , 
N(E,t) oc JJ Fdsdn, of the particles can be written as f see IPetrosian fc Bvkovll2008l - 
Chapter 11, this volume for more details): 

^ = ^[Dcoux{E)N] + ^ E \E GouX N], (1) 

where Dq OVl \(E) and Eq OVl \(E) describe the energy diffusion coefficient and energy loss 
(+) or gain (— ) rate due to Coulomb collisions. We have ignored Bremsstrahlung and 
IC and synchrotron losses, which are negligible compared to Coulomb losses at low 
energies and for typical ICM conditions. 

As mentioned above, the previous analysis was based on an energy loss rate due to 
Coulomb collisions with a "cold" ambient plasma (target electrons having zero veloc- 

lty): 

-^Coul = m cC 2 /(r Coul /3), where r Coul = (4?rro In Acn) \ (2) 

v — C/3 is the particle velocity and ro = e 2 /(m c c 2 ) = 2.8 x 10~ 13 cm is the classical 
elec 
40, 

so 1 

above. As stated above this form of the loss rate is a good approximation when the 
NT electron velocity v ^> f t h, where « t h = ^/2kT/m e is the thermal velocity of the 
background electrons. This approximation becomes worse as v — > f t h and breaks down 
completely for v < v t ^, in which case the electron may gain energy rather than lose 
energy as is always the case in the cold-target scena r io. A more general treatment 
of Coulomb loss is therefore desired. IPetrosian fc Eastl l|2007l . PE07 herafter) describe 



electron radius. For ICM density of n = 10 3 cm 3 , and a Coulomb logarithm In A 
.1 = 2.7 x 10 7 : 

so that = j -ffg [N/P] from which one can readily get the results summarised 
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such a treatment. We summarise their results below. For details the reader is referred 
to that paper and the references cited therein. 

Let us first consider the energy loss rate. This is obtained from the rate of exchange 
of energy between two electrons with energies E and E which we write as 

(AE)/At = m c c 2 G(E, E')/t Covl1 . (3) 

Here G{E, E') is an antisymmetric function of the two variables s uch that the higher 
energ y electrons loses and the lower one gains energy (see e.g. iNavakshin fc Melial 
1998). From their Eq. 24-26 we can write 

if E' > E,E < m c 2 ; 
G(E,E')= { p-\ if E'<E,E'<£ m c 2 ; (4) 

- E^ 1 ), if E,E' > m c c 2 . 

The general Coulomb loss term is obtained by integrating over the particle distribution: 

2 °? 

ElZi(E, t) = ^- G(E, E')N(E', t)dE'. (5) 

'Coul J 


For non-relativistic particles this reduces to 

f E r 7 \ 

m n ul (E, t) = E c c °^ / N(E', t)dE' - / Wff)N{Ef, t)dE' . (6) 




Similarly, the Coulomb diffusion coefficient can be obtained from 

((AE) 2 ) = (m c c 2 ) 2 H(E,E') 

At T"Coul 



(7) 



as -Dp 6 ", i (g, t) = (w|c 4 /t^q u 1 ) / n °° H(E, E')N{E' , t)dE' . From equations (35) and (36) 
of INavakshin fc Melial dl998l ) we get 

C /3 2 /(3/3'), if£' >E,E<^m c c 2 ; 
H(E, E') = I (3' 2 /(3f3), if E' < E, E 1 « m c 2 ; (8) 
[ 1/2, if E,E' >m c c 2 . 

Again, for nonrelativistic energies the Coulomb diffusion coefficient becomes 
D^ {E>t) = gcouVoC 2 ^ 2 / 1 {pl/p) 2 N{E ^ t)dE > + J W p> )N{E ',t)dE>\ . (9) 

\0 E / 

Thus, the determination of the distribution N(E, i) involves solution of the com- 
bined integro-differential equations Eq. [T] [6] and [9] which can be solved iteratively. 
However, in many cases these equations can be simplified considerably. For example, 
if the bulk of the particles have a Maxwellian distribution 

N(E') = n(2/^)(kT/m c c 2 r 3/ V 1/2 e- B ' /kT , (10) 



2 Note that the first term in their equation (35) should h ave a minus sign and that the whole 

o[| 



quantity is too large by a factor of 2; see also lBlasil (2000) for other typos. 
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with kT -C m e c , then integrating over this energy distribution, and after some algebra, 
the net energy loss (gain) rate and the diffusion coefficient can be written as (see 
references in PE07): 



rphot jr,cold 

^Coul — ^Coul 



rf(^) 



. X _ 

- 4,/-e 

7T 



and 



D 



Coul 



T^cold 
^Coul 



kT 

m c 2 



erf(Vi)-2,/- 



with X : 



(11) 



#' (12) 



where erf (x) = -^= J Q X e * dt is the error function. 

The numerical results presented below are ba sed on another commonly used form of 
the transport equation in the code developed bv lPark fc Petrosianl <|l995l . 1 1996h . where 
the diffusion term in Eq.[T]is written as -^[D{E)-^N{E)\. This requires modification 



of the loss term to 



^Coul 



Ahot . d-Dcoul 
SCoul + 



Ahot 
^Coul 



x 7(7 + f ) 



where we have used Eqs. 1111 and 1121 Fig. [3] shows the loss and diffusion times, 



TCoul = E/Eq, 



oul 



and 



r diff = E 2 /D C oul(E), 



(13) 



(14) 



(15) 



based on the above equations. 

As a test of this algorithm PE07 show that an initially narrow distribution of 
particles (say, Gaussian with mean energy Eo and width AE <C Eq) subject only to 
Coulomb collisions approaches a Maxwellian with kT = 2Eq/3 with a constant total 
number of particles within several ti mes the theore tic ally expect ed thermalisation time, 
which is related to our tq ou j as (see ISpitzerlll96 j or lBenj [2002) 



Tthe 



3.5TCoul(kT/m e c 



2-.1.5 



2"rCoul(£o/"1eC 



2n1.5 



(16) 



Using the above equations one can determine the thermalisation or the energy loss 
timescale of supra-thermal tails into a background thermal distribution. Fig. U shows 
two examples of the evolution of an injected power-law distribution of electrons. The left 
panel shows this evolution assuming a constant temperature background plasma, which 
would be the case if either the energy of the injected electrons was negligible compared 
to that of the background electrons, or if the energy lost by the injected particles is lost 
by some other means. The right panel does not make these assumptions and allows the 
whole distribution to evolve. As is clearly seen in this figure, the energy lost by the NT 
particles heats the plasma. It is also evident that the NT tail is peeled away starting 
with low energies and progressing to higher ones. The NT tail becomes negligible 
within less than 100 times the thermalisation time of the background particles. These 
times are only about three times larger than the timescale one gets based on a cold 
target assumpt i on fo r Eo = 20 keV particles. Similar conclusions were reached by 
Wolfe & Mclia l (l2006h . The change in the electron lifetime agrees also with Fig. 3 of 
Dogiel et al.l (|2007h . But our results do not support the other claims in their paper 
about the longer lifetime of the "distribution of particles" . The results presented here 



9 



10 I 1 r 




log[E (keV)] 

Fig. 3 Various timescales for Coulomb collisions for hot and cold plasma with typical ICM 
parameters from Eqs. [2] 1111 1121 and 1131 Note that the as we approach the energy E — ► kT 
the loss time increases and eventually becomes negative (or gain time) at low energies. The 
portio ns below the spike show the absolute value of these timescales. From Pctrosian & East 
12007ft . 



also seem to disagree with iBlasil (|200Ch . where a procedure very similar to ours was 
used (for more details see PE07). 

In summary the above results show that the conclusions based on the cold plasma 
approximation are good order of magnitude estimates and that using the more realistic 
hot plasma relations changes these estimates by factors of less than three. The upshot 
of this is that the required input energy will be lower by a similar factor and the time 
scale for heating will be longer by a similar factor compared to the estimates made in 
P01. 
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log[E/mc a ] log[E/mc 3 ] 

Fig. 4 Evolution of a NT power law tail (with isotropic angular distribution) of electrons 
subject to elastic Coulomb collisions with background thermal plasma electrons with initial 
temperature kT = 1 keV, showing gradual degradation of the power law NT tail (starting at 
energy Eo with spectral index S). Left panel: Here we assume that the energy input by the 
NT tail is negligible or carried away by some other means; i.e. the temperature of the plasma 
is forced to remain constant. Right panel: Here the energy of the NT particles remains in the 
system so that their thermalisation heats the plasma. In both cases the NT tails are reduced 
by a factor of ten wit hin less than 100 X T t h e r m or < 3 times the cold target loss time at the 
injected energy. From Petrosian &z East (2007). 



3.2 Emission from relativistic electrons 

The radiative efficiency of relativistic electrons is much higher than that of nonrela- 
tivisitic ones because of lower Coulomb losses (see Fig.[2J. For ICM conditions electrons 
with GeV or higher energies lose energy via synchrotron and IC mechanisms. At such 
energies the Bremsstrahlung rate receives contributions from both electron-electron 
and electron-ion interactions and its loss rate becomes larger than Coulomb rate but 
remains below IC and synchrotron rates. Nevertheless, Bremsstrahlung emission could 
be the main source of gamma-ray radiation in the GLAST range (> GeV). In this sec- 
tion we first compare the first two processes and explore whether the same population 
of electrons can be responsible for both radio and HXR emissions. Then we consider 
Bremsstrahlung and other processes for the gamma-ray range. 

3.2.1 Hard X-ray and radio emission 

As stated in the introduction, relativistic electrons of similar energies (7 > 10 3 ) can be 
responsible for both the IC-HXR and synchrotron-radio emission. The IC and syn- 
chrotron fluxes depend on the photon (CMB in our case) and magnetic field en- 
ergy densities and their spectra depend on the spectrum of the electrons (see e.g. 
iRvbicki fc Lightmarjl979h . For a power law distribution of relativistic electrons, N(y) — 
-WtotalG? — 1)7 ~ P 7min ' an< ^ ^ or 7 ^ 7min, the spectrum of both radiation components, 
from a source at redshift z = Z — 1 and co- moving coordinate r(Z), is given by 

uFiiy) = alN tots ,ij min UiAi(p)(u/iy c ^i) 2 ~ a /(4-Kdl(Z), (17) 
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where di J (Z) — (c/Ho)Zr(Z) is the luminosity distance and a — (p + l)/2 is the 
photon number spectral index 0. This also assumes that the relativistic electrons and 
the magnetic field have similar spatial distributio n so that the s patial distribution 
of HXRs and radio emission are the same (see e.g. iRephaelil [l979h . The clusters are 
unresolved at HXRs so at this time this is the most reasonable and simplest assumption. 
A larger HXR flux will be the result if th e electron and B field distributions are widely 
separated (see e.g.. iBrunetti et al]|200ll ). 

For synchrotron ^ criSynch = 37^ in ^ Bi /2, with u B± = eBj_/(2irm e c) and u synch = 
B 2 /(8tt), and for IC, Ui is the soft photon energy density and v a ,\c = YminC 11 ')- 
For black body photons u IC = (87r 5 /15)(kT) 4 /(hc) 3 and (h^) = 2.8 kT. A l are some 
si mple functions of the electr on index p and are of the order of unity and are given 
in lRvbicki fc Lightmanl (Il979l ). Given the cluster redshift we know the temperature of 
the CMB photons (T = TqZ) and that f cr jc K % and uiq oc Z 4 so that we have 

1l = F HXR /F rlldio KZ 2+a /Bl. (18) 



Consequently, from the observed ratio of fluxes we can determine the strength of the 
magnetic field. 

For Coma, this requires the volume averaged magnetic field to be B ~ 0.1 /iG, 
while equipartition gives B ~ 0.4 fiG and Faraday rotation meas u rements give the 
average line of sight field of B \ ~ 3//G ( Giovannini et al.l Il993l ; iKim et all Il990l ; 



IClarke et all l200ll ; Iciarkj 120031) . In general the Faraday rotation measurements of 
most clusters give B > 1 /iG; see e.g. iGovoni et all 2003. However, there are several 



factors which may resolve this discrepancy. Firstly, the last value assumes a chaotic 
mag netic field with a scale of a few kpc which is not a directly measured quantity (see 
e.g., ICarilli fc Tavtonl200 2) Q. Secondly, the accuracy of these r esults has been ques- 



tioned (|Rudnick fc Blundell l2003 ; but see IGovoni fc Ferettill2004l for an opposing point 
of view) . Third l y, as shown bv lGoldshmidt fc Rephaelil (|l993l ~ and also pointed out by 



IBrunetti et alj (|200ll ). a strong gradient in the magnetic field can reconcile the differ- 
ence between the volume and line-of-sight averaged measurements. Finally, as pointed 
out by P01, this discrepancy can be alleviated by a more realistic electron spectral 
distrib ution (e.g. the spectrum with exponential cutoff suggested bv lSchlickeiser et al.1 
(|l987l ) and/or a non-isotropic pitch angle distribution). In addition, for a population of 
clusters observational selection effects come into play and may favour Faraday rotation 
detection in high B clusters which will have a weaker IC flux relative to synchrotron. 
The above discussion indicates that the Faraday rotation measurements are somewhat 
controversial and do not provide a solid evidence against the IC model. 

We now give some of the details relating the various observables in the IC model. 
We assume some proportional relation (e.g. equipartition) between the energies of the 
magnetic field and non-thermal electrons 

£e = A'total ^7minmcC = 5—, (19) 

p — Z on 6 



3 These expressions are valid for spectral index p > 3 or a > 2. For smaller indices an upper 
energy limit 7 max must also be specified and the above expressions must be modified by other 
factors which are omitted here for the sake of simplification. 

4 The average line of sight component of the magnetic field in a chaotic field of scale A c i laos 
will be roughly Xchaoa/R times the mean value of the magnetic field, where _R is the size of the 
region. 
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Table 1 Observed and estimated properties of clusters 



Cluster 



kT a 
(keV) 



-F\.4GHz 
(mjy) 



e 7 ^ f^ 

(arcmin) (Fq) ? 



B d 
<J*G) 



Fhxr e 
(Fo) / 



1.4 (1.6) 
1.8 (1.0) 
0.52 (0.5) 

1.0 
0.50 (1.1) 

0.76 

0.22 

0.41 



Coma 
A 2256 

1ES 0657-55.8 
A 2219 
A 2163 

MCS J0717.5+3745 
A 1914 
A 2744 



0.023 
0.058 
0.296 
0.226 
0.208 
0.550 
0.171 
0.308 



7.9 
7.5 
15.6 
12.4 
13.8 
13 
10.7 
11.0 



52 
400 
78 
81 
55 
220 
50 
38 



30 
12 
5 
8 
6 
3 
4 
5 



33 
5.1 
3.9 
2.1 
3.3 
3.5 
1.8 
0.76 



0.40 
1.1 
1.2 
0.86 
0.97 
2.6 
1.3 
1.0 



'From lAllen fc Fabiad ||199SD, except 1ES 0657 - 55.8 data from lLiang et alj <2000) 
b Data for Coma , from iKim et alt (1990ft : A 2256, A 2163. A 1914 and A 2744 from 
iGiovannini et al.l <199S|) ; 1ES 0657 - 55.8 from lLiang et al.l (120001') ; A 2219 from lBacchi et al.l 
l|2003h . 

c Approximate largest angular extent. 
^Estimates based on equipartition. 

e Estimates assuming C7min = 10 6 ? with observed values in p arenth eses: Coma 

|Rephaeli et alj|l999l; Rephaeli fc Gruberll2002l; iFusco-Femiano et al.lll999l. l2003f); Abell 2256 
iFusco-Femiano et aUhoOOl, 120041; iRephaeli fc Gruberll2003T) ; 1ES 0657 - 55.8 iPetrosian et al.l 
I2006T) : Abell 2163 tRephaeli et alj |2006j) these last authors also give a volume averaged 
B ~ 0.4±0.2//G. 
' Fq = 10 -11 erg cm -2 s _1 



where R = 8dp^/2 is the radius of the (assumed) spherical cluster with measured angular 
diameter 9 and angular diameter distance d\(Z) = (c/Ho)r(Z)/Z, and equipartition 
with electrons is equivalent to £ = 1. 

From the three equations (|17|) . (|18|) and (|19|) we can determine the three unknowns 
B,£ c (or iV tota i) and Jhxr purely in terms of C>7nun> an< A the observed quantities 
(given in Table 1) z,6 and the radio flux vF Ta ^\ {y). The result is 

and 

where we have defined Fq = 10~ n erg cm -2 s _1 . Note also that in all these expressions 
one may use the radius of the cluster R — 3.39 Mpc (9/5 1 ) r(Z)/Z instead of the angular 
radius 6. 

Table 1 presents a list of clusters with observed HXR emission and some other 
promising candidates. To obtain numerical estimates of the above quantities in addition 
to the observables F Ta ^i Q , 9 an< A redshift z we need the values of £ and 7 m i n . Very little 

5 Here we have set the Hubble constant Ho = 70 kms -1 Mpc -1 , the CMB temperature 
T = 2.8 K, and the radio frequency v = 1.4 GHz. In general B 2+a oc Ho^ a ~\ iV tota l <x Hq 3 
and -Fhxr <x "o ' q : We have also assumed an isotropic distribution of the electron pitch 
angles and set B = Bj_(4/n). 
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Fig. 5 Predicted variations of the HXR flux with redshift assuming a constant physical di- 
ameter (solid and dashed lines) or constant angular diameter (dotted and long-dashed lines), 
using the Coma cluster (dotted and solid) and A 2256 (long or short dashed) parameters as- 
suming f = 7 m i n = 10 3 . In each group, the IC photon spectral index a = 2.25,2.0, 1.75, from 
top to bottom. F illed circles are based o n observations and stars based on the estimates given 
in Table 1. From iPetrosian et al.l | |20061U 



is known about these two parameters and how they may vary from cluster to cluster. 
From the radio observations at the lowest frequency we can set an upper limit on 7 m ; n ; 
for Coma e.g., assuming B ~ /iG we get 7 m ; n < 4 x 10 3 (/^G/B). We also know that 
the cut off energy cannot be too low because for p > 3 most of the energy of electrons 
(£ c = 7 2 A r (7)c?7) resides in the low energy end of the spectrum. As evident from 
Fig. [2] electrons with 7 < 100 will lose their energy primarily via Coulomb collisions 
and heat the ICM. Thus, extending the spectra below this energy will cause excessive 
heating. A conservative estimate will be 7 m i n ~ 10 3 . Even less is known about The 
estimated values of the magnetic fields B for the simple case of a = 2, equipartition 
(i.e. £ = 1) and low energy cut off 7 m ; n = 10 3 are given in the 7th column of Table 
1. As expected these are of the order of a few fj,G; for significantly stronger field, the 
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predicted HXR fluxes will be below what is detected (or even potentially detectable). 
For a = 2 the magnetic field B oc (Clmin) and Fjjxr x (Clmin) 1 ^ 2 so that for 
sub-/iG fields and -Fjjxr ~ Fq we need C7min ~ 10 6 . Assuming 7 m i n = 10 3 and ( — 10 3 
we have calculated the expected fluxes integrated in the range of 20 — 100 keV (which 
for a = 2 is equal to 1.62 x [20 keV -Fhxr(20 keV)]), shown on the last column of Table 
1. The variation of this flux with redshift based on the observed parameters, 9 and 
F Ta< ft (y — 1.4 GHz) of Coma and A 2256 are plotted in Fig. [5] for three values of 
a = 1.75, 2.0 and 2.25 (p = 2.5, 3 and 3.5) and assuming a constant physical radius R 
which is a reasonable assumption. We also plot the same assuming a constant angular 
diameter. This could be the case due to observational selection bias if diffuse radio 
emission is seen mainly from sources with 8 near the resolution of the telescopes. 
These are clearly uncertain procedures and can give only semi-quantitative measures. 
However, the fact that the few observed values (given in parenthesis) are close to the 
predicted values is encouraging. 

In summary we have argued that the IC is the most likely process for production 
of HXR (and possibly EUV) excesses in clusters of galaxies. The high observed HXR 
fluxes however imply that the situation is very far from equipartition. 

Our estimates indicate that C, ~ 10 6 /7min > 10 3 - In addition to th e caveats enu- 
merated above we note that, as described bv lPetrosian fc Bvkov| [2008 - Chapter 11, 
this volume, the sources generating the magnetic fields and the high energy electrons 
may not be identical so that equipartition might not be what one would expect. 

The spectrum of the required high energy electrons is best constrained by the radio 
observations. In Fig. 1 we showed two possible synchrotron spectra. The corresponding 
electron spectra are shown in Fig. [5] along with the Maxwellian distribution of ther- 
mal electrons. The low end of the NT spectra are constrained by requiring that their 
Coulomb loss rate be small so that there will not be an excessive heating of the back- 
ground particles. T hese span the kind of NT electron spectrum that the acceleration 
model, discussed bv lPetrosian fc B vkov 2008 - Chapter 11, this volume, must produce. 



3.2.2 Gamma-ray emission 



There have be en several estimates of the expected gamma-ray flux, specifically from 
Com a (see e.g. lAtovan fc Volkllioool ; iBvkov etailbood: iReimer et al.ll2004l ; iBlasi et all 
l2007f ). The EGRET upper limit shown in Fig. [T]does not provide stringent constraints 
but GLAST with its much higher sensitivity can shed light on the processes described 
above. Several processes can produce gamma-ray radiation. Among electronic processes 
one expects IC and Bremsstrahlung radiation if electrons have sufficiently high energies. 
If the electron spectrum that accounts for radio and HXR emission can be extended 
to Lorentz factors of 3 x 10 5 (say with spectral index p = 3 — 4) then the IC scattering 
of CMB photons can produce 100 MeV radiation with a vF(u) flux comparable to 
the HXR fluxes (~ 10~ n - 10~ 12 erg cm s ) which can easily be detected by 
GLAST (the former actually disagrees with the EGRET upper limit shown in Fig. [TJ). 
The lifetime of such electrons is less than 10 7 years so that whatever the mechanism 
of their production (injection from galaxie s or AGN, secondary elec trons from proton- 
proton interactions, see the discussion bv lPetrosian fc Bvkovl 20081 - Chapter 11, this 
volume) , these electrons must be produced throughout the cluster within times shorter 
than their lifetime. A second source could be electrons with 7 > 10 4 scattering against 
the far infrared background (or cosmic background light) which will produce > 10 
MeV photons but with a flux which is more than 100 times lower than the HXR flux 
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Electron Energy, E [in mc 2 ] 

Fig. 6 The spectrum of electrons required for production of radio and HXR radiation based on 
the synchrotron and IC models. Values representing the Coma cluster are used. The low energy 
peak shows the distribution of thermal electrons along with a NT tail that would be required 
if the HXRs are produced by the non-thermal Bremsstrahlung mechanism. The low end of the 
high energy NT electrons are constrained to a void excessive he ating. The corresponding radio 
synchrotron spectra are shown in Fig. 1. From Petrosian 2003. 



(assuming a cosmic background light to CMB energy density ratio of < 10~ 2 ) which 
would be comparable to the GLAST one year threshold of ~ 10~ 13 erg cm~ 2 s _1 . 
IC scattering of more abundant SXR photons by these electrons could produce > 100 
MeV gamma-rays but the rate is suppressed by the Klein-Nishina effect. Only lower 
energy electrons 7 < 10 2 will not suffer from this effect and could give rise to 100 MeV 
photons. As shown in Fig. [6] this is the lowest energy that ap = 3 spectrum can be 
extended to without causing excessive heating (see P01). These also may be the most 
abundant electrons because they have the longest lifetime (see Fig. [5]). The expected 
gamma-ray flux will be greater than the GLAST threshold. 

High energy electrons can also produce NT Bremsstrahlung photons with energies 
somewhat smaller than their energy. Thus, radio and HXR producing electrons will 
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produce greater than 1 GeV photons. Because for each process the radiative loss rate 
roughly scales as E — E/t\ oss , the ratio of the of gamma-ray to HXR fluxes will be 
comparable to the inverse of the loss times of Bremsstrahlung T|-, rem and IC t\q shown 
in Fig. [2] (~ 1CT 2 for 7 ~ 10 4 ), which is just above the GLAST threshold. 

Finally hadronic processes by cosmic rays (mainly p — p scattering) can give rise to 
~ 100 MeV and greater gamma-rays from the decay of 7r° produced in these scatterings. 
The 7v~^~ decays give the secondary electrons which can contribute to the above radiation 
mechanisms. This is an attractive scenario because for cosmic ray protons the loss time 
is long and given an appropriate scattering agent, they can be confined in the ICM for 
a Hub ble time (see, IBerezinskv et all 1 19971 and the discussion bv IPetrosian fc Bvkovl 
(2008) - Chapter 11, this volume). It is difficult to estimate the fluxes of this radiation 
because at the present time there are no observational constraints on the density of 
cosmic ray protons in the ICM. There is theoretical speculation that their energy 



density may be comparable to that of the thermal gas m which case the gamma-ray 
flux can be easily detected by GLAST. iReimer et al.l ( 20041 ) estimate that GLAST can 
detect gamma-rays from the decay 
10 % of the cluster thermal energy. 



detect gamma-rays from the decay of 7r°'s if the cosmic ray proton energy is about 



4 Summary 



In this paper we address the processes that produce radio, EUV and HXR radiation 
in the ICM. First we consider NT Bremsstrahlung as the source of HXRs which, as 
shown earlier (P01), faces the difficulty of its low yield compared to Coulomb losses. 
We describe results from a more detailed analysis of the lifetimes of NT electron tails 
(or bumps) in a hot ICM than that presented in P01, where cold target loss rates were 
used. We find that the lifetimes of NT tails is increased by a factor of < 3 so that the 
above difficulty becomes less severe but production of HXRs via NT Bremsstrahlung 
remains problematical. Next we discuss the expected radiative signature of relativistic 
electrons and show that radio and HXR observations can be explained by synchrotron 
and IC scattering of CMB photons. But now one requires a low magnetic field which 
is far from equipartition with the electrons. Finally we give a rough estimate of the 
gamma-ray signature of the relativistic electrons and point out several possible sce- 
narios in which the gamma-ray fluxes might exceed the GLAST threshold. Based on 
these results we present an average spectrum of electrons that is required and possible 
extensions of it into the l ow energy regime. Production of these spectra is discussed by 
IPetrosian fc Bv kov 2008 - Chapter 11, this volume. 
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